Purpose: Alanine aminotransferase is the most frequently used marker of liver cell injury. We examined the association between alanine aminotransferase levels and long-term absolute risks of morbidity and mortality in healthy Danish people aged 30-49 years. Patients and Methods: We divided 671 healthy participants from the Ebeltoft Health Promotion Project into four categories based on their baseline alanine aminotransferase values: low (≤10U/l), medium-low (men: 11-34U/l, women: 11-22U/l), medium-high (men: 35-69U/l, women: 23-44U/l) and high (men: ≥70U/l, women: ≥45U/l), and followed them through Danish healthcare registries for up to 20 years. We examined mortality and absolute risks of liver disease, overall cancer, ischemic heart disease, and diabetes. Results: The risk of any cancer was highest for participants with "low alanine aminotransferase" or "high alanine aminotransferase" (20-year risk: 17.2% [95% confidence interval (CI): 6.3-32.7%] and 18.2% [95% CI: 5.7-36.3%], respectively). The risk of diabetes was highest for participants with "medium-high alanine aminotransferase" or "high alanine aminotransferase" (20-year risk: 12.1% [95% CI: 7.3-18.3%] and 9.1% [95% CI: 1.6--25.1%], respectively). Participants with "high alanine aminotransferase" had the highest 20year risk of liver disease (20-year risk: 13.6% [95% CI: 3.4-30.9%], while it was 1.0% or less in the other groups). The chance of being alive after 20 years without having been diagnosed with liver disease, cancer, ischemic heart disease, or diabetes was lowest in the "high alanine aminotransferase" group (50% [95% CI: 28-68%]) and 72-79% in the other groups. Conclusion: Our findings suggest that persons with high or abnormally low alanine aminotransferase measurements are at increased long-term risk of several chronic diseases.
Plain Language Summary
Alanine aminotransferase is an enzyme predominantly found in the liver cells, and the blood concentration of alanine aminotransferase is the most frequently used marker of liver injury. We examined risks of death and selected chronic diseases during 20 years of follow-up among healthy members of the Danish general population aged 30-49 years who participated in the Ebeltoft Health Promotion Project. These persons' alanine aminotransferase concentration was measured at their general practitioner in connection with a health check-up. We found that those with an abnormal low alanine aminotransferase concentration were at high risk of cancer (cumulative risk of 17.2% after 20 years), and that those with an abnormal high alanine aminotransferase concentration were at high risk of liver disease (13.6% after 20 years), cancer (18.2% after 20 years), ischemic heart disease (9.1% after 20 years), and Introduction Alanine aminotransferase (ALT) is an enzyme predominantly found in the liver. The plasma ALT level is the most frequently used marker of liver cell injury. 1, 2 Earlier studies have examined the association between plasma ALT concentration and the relative risks of mortality, diabetes and cardiovascular disease, but results have been contradictory, [3] [4] [5] [6] and still the long-term absolute risks of morbidity and mortality in healthy people remain unknown. We studied a healthy general population sample of persons aged 30-49 years to examine the association between baseline plasma ALT concentration and 20-year risk of liver disease, overall cancer, ischemic heart disease, diabetes, and death.
Materials and Methods

Data Sources Ebeltoft Health Promotion Project
The Ebeltoft Health Promotion Project was a randomized controlled trial designed to examine the value of health check-ups in the general population. [7] [8] [9] All trial participants were 30-49 years old on 1 January 1991 and lived in the Danish town of Ebeltoft (total population = 13,000 persons). Among the 3464 trial participants, 1006 were randomized to undergo one or more health check-ups. Of these, 905 participants had a baseline health check-up, carried out between December 1991 and June 1992, and 671 of these participants met the inclusion criteria of our study. The check-up included a questionnaire about lifestyle factors and a blood sample for analysis of serum biochemistry. Here we examine the long-term prognosis of these 671 trial participants.
Danish Healthcare Registries
We followed the 671 participants through the year 2012 using several Danish healthcare registries. 10 The Danish Pathology Data Bank contains data from all histological examinations, coded according to the SNOMED classification. This Pathology Data Bank became nationwide in 1997, but most pathology departments have contributed data from earlier years. 11 The Danish National Patient Register contains individual-level data on all Danish patients receiving hospital inpatient and outpatient treatment, with hospital discharge diagnoses coded according to the International Classification of Diseases, Eighth Revision (ICD-8) during 1977-1993 and according to the Tenth Revision (ICD-10) since 1994. 12 The Danish Cancer Registry contains individual-level data on cancers diagnosed in Denmark, coded according to the ICD for oncology; this Registry dates back to 1943. 13 The Danish Register of Causes of Death contains data on causes of death for all Danish decedents. 14 The Danish Civil Registration System issues the unique personal identification number that is given to all Danish residents at birth or upon immigration. This database records dates of birth, death, and migration for all Danish residents. 15 Individual-level data from these Danish healthcare registries and the Ebeltoft Health Promotion Project were linked using personal identification numbers.
Definition of Disease and Follow-Up
Participants were followed from their baseline health checkup until they died or were diagnosed with liver disease, cancer, ischemic heart disease, or diabetes, whichever came first (diagnosis codes shown in Supplementary material). We chose liver disease, cancer, ischemic heart disease, and diabetes as end points; cancer and ischemic heart disease because they are the two most common causes of death in Denmark, 16 liver disease and diabetes because they are likely to be associated with high ALT levels. Participants who had no outcome events before 1 January 2013 were censored on that date. Only three participants were lost to follow-up; they emigrated and were censored on the date of emigration.
Statistical Analysis
We categorized participants into four categories based on their plasma ALT at baseline: low (ALT ≤ 10 U/l), mediumlow (ALT 11-34 U/l for men, 11-22 U/l for women), medium-high (ALT 35-69 for men, 23-44 for women) and high (≥ 70 U/l for men, ≥ 45 U/l for women). The ALT categories were based on the reference intervals used in clinical practice in Denmark, which are derived from "The Nordic Reference Interval Project". 17 The low and high ALT reference limits were the 2.5-and 97.5 percentile of that study, so we expect the vast majority of participants to be in the medium-low or medium-high groups. We calculated the absolute risks of liver disease, any cancer, ischemic heart disease, and diabetes for participants based on their ALT categorization by means of the cumulative incidence function, 18 where these diseases and "death" (specifically, 'death without liver disease, cancer, ischemic heart disease, or diabetes') were treated as competing risks.
To examine all-cause mortality, we computed cumulative mortality using the Kaplan-Meier method; hence we did not consider any competing events in that analysis.
Lastly, we did a Cox proportional hazards regression, with ALT as a continuous variable and fitted using penalized splines, 19 while adjusting for sex, age, and smoking status. The modelling purpose was to examine the effect of liver cell injury of whichever cause on the rates of liver disease, overall cancer, ischemic heart disease, diabetes, and all-cause mortality while allowing for the possibility that those associations might not be linear. The degrees of freedom for the splines were chosen so that the corrected Akaike information criterion (AICc) was minimized. 20
Results
Of the 905 participants initially identified, 24 had received a diagnosis of liver disease, cancer, ischemic heart disease or diabetes before inclusion, and further 210 reported having a chronic disease in their questionnaire and were excluded from the analyses. None were excluded based on their ALT measurement. This left 671 participants in our analyses, in the following four groups: low (29 persons), medium-low (488 persons), medium-high (132 persons) and high ALT (22 persons). The 671 participants had a median follow-up time of 20 years and a total follow-up time of 12,082 years. The proportion of males overall and within 3 of the 4 ALT groups was close to 50%, but the low ALT group was only 3.4% male. The median age at inclusion was close to 40 years in all groups. Persons with a higher body mass index had higher ALT concentrations. The median number of alcohol units per week was 6, also increasing with higher ALT values. We found no association between ALT concentration and marital status or smoking status, except that the small group with high ALT had many current smokers ( Table 1) .
The absolute risk of liver disease was much higher for people with high ALT concentrations than for those in the other groups, who had similar risks. Persons with extreme ALT concentrations, whether high or low, had a higher overall absolute cancer risk than other persons (20-year risk: 18.2% [CI: 5.7-36.3] for high ALT and 17.2% [CI: 6.3-32.7] for low ALT) (cancer types shown in Table S1 ). There was no apparent association between ALT and absolute risk of ischemic heart disease. The absolute risk of diabetes increased with increasing ALT concentration ( Table 2) .
Absolute mortality risk was highest in the extreme ALT groups (Figure 1 ), slightly more so in the low ALT group than in the high ALT group (20-year risk, respectively: 13.8% [95% CI: 5.4-32.7%] and 9.1% [95% CI: 2.4-31.7%] and risk ratio 13.8/9.1 = 1.5 [95% CI: 0.3-7.5]). After 20 years of follow-up, participants with a low or medium ALT concentration had a 72% to 79% chance of being alive without having been diagnosed with liver disease, cancer, ischemic heart disease, or diabetes. The corresponding probability for persons with a high ALT was only 50% (95% CI: 28-68%) ( Table 2) . Notes: Note that the risk of "any event" is the sum of the risks of a diagnosis of liver disease, overall cancer, ischemic heart disease, or diabetes, as well as 'death without liver disease, cancer, ischemic heart disease, or diabetes' (before rounding). It is also 100% minus the "risk" of no event. When we used splines to allow flexibility in the associations between ALT as a continuous variable and disease rates and adjusted for differences in gender, age, and smoking status, we found roughly the same associations as indicated by Table 2 . Thus, the rate of liver disease development increased with ALT level, the rate of cancer development was increased for all patients with an abnormal ALT, the rate of ischemic heart disease showed no apparent association with ALT levels, and the rate of diabetes development increased with increasing ALT but was very imprecisely estimated at high ALT levels. Allcause mortality was only weakly associated with ALT ( Figure 2 ).
Discussion
Healthy people who present to their general practitioner for a health check-up at age 30-49 deserve accurate information about the implications of abnormal findings. We found that those with an abnormally high ALT concentration had the worst prognosis, with a 14% 20-year risk of liver disease and just a 50% chance of not dying or developing liver disease, cancer, ischemic heart disease, or diabetes within 20 years. The prognosis was better for people with medium or low ALT values, but it was notable that those with a medium-high ALT had a high risk of diabetes and those with an abnormally low ALT had a high risk of cancer.
We studied a representative sample of the general Danish population, 21 and found that liver cell injury was associated with high alcohol consumption, smoking, and possibly an overall unhealthier lifestyle. We could not disentangle the effect of liver cell injury from the effects of the underlying causes of that liver cell injury, most notably alcohol, overweight, existing liver disease, medications, and/or genetic susceptibility to liver injury. The participants were not screened for hepatitis B or hepatitis C, however, the prevalence in Denmark is only 0.24% and 0.38%, respectively, making it unlikely that a high ALT is due to unidentified hepatitis B or C. 22, 23 We excluded participants with existing liver disease, but we chose not to adjust for alcohol intake and overweight because that would not help the interpretation. We believe that any causal effect of a minor liver injury on the development of chronic diseases up to 20 years later is far smaller than the causal effects of whichever factors caused that minor liver injury. Having repeated ALT measurements or mea- surements of other liver enzymes could have helped in understanding the causal effect of liver cell injury and therefore we see the liver cell injury, represented by the ALT level, as predictive rather than causal.
The high risk of diabetes among participants with a high ALT and the lack of an association between ALT and ischemic heart disease is consistent with other studies. 4 Other studies have found that a low ALT is associated with loss of independence and death, 24 and a marker of low muscle mass due to malnutrition and/or cancer. Those findings could help explain the associations with cancer and all-cause mortality for low ALT in our study. However, our sample size in the low ALT group was small and the estimates were not significantly different from the other groups. 3 If we could follow participants for longer, we believe that also a high ALT would be associated with increased mortality because of its association with development of liver disease and diabetes.
Our findings suggest that a healthy person aged 30-49 years who presents with a low, medium-high, or high ALT measurement might benefit from a follow-up visit to his or her general practitioner focusing on modifiable risks. For persons with a low ALT value that visit might focus on cancer risk factors. For persons with a medium-high ALT value the visit should focus on diabetes risk factors, and for persons with a high ALT value the focus should be on risks factors for cancer, diabetes, and liver disease. The participants we studied were offered follow-up health checks, but those visits did not affect the risks of cardiovascular disease or death. 21 
Conclusions
In conclusion, our study is the first to assess the long-term absolute risk of morbidity and mortality related to measurements of ALT in healthy people who visited a general practitioner for a health check-up. We found that participants with abnormal high or low ALT levels were at increased risk of several chronic diseases.
